Introduction 65
The source of island-arc magmas is widely viewed as a mixture of upper mantle and 66 recycled components derived from seawater, subducted basalt and marine sediment. The 67 element Sr provides unique constraints on subduction magma source models, because it is a 68 fluid-mobile element that is both abundant and relatively unradiogenic in arc rocks. This is 69 particularly clear in the Aleutians, where basalts commonly have 400-500 ppm Sr and Sr/Nd of 70 30-50, indicating 3-times higher Sr/Nd than similarly evolved MORB (~5-10% MgO), which 71 typically have 85-150 ppm Sr and Sr/Nd = 5-20. Despite these strong enrichments, Aleutian 72 basalts have 87 Sr/ 86 Sr that is offset from MORB only slightly (median Aleutian 87 Sr/ 86 Sr ~0.7032 73 versus ~0.7028 in global MORB). Hawkesworth et al. (1993) and others have noted that arc 74 volcanic rocks globally with high Sr abundances commonly carry relatively unradiogenic 75 87 Sr/ 86 Sr. These patterns imply that there is an abundant source of unradiogenic Sr in arc 76 volcanic rocks, which is not present in MORB. This source is generally inferred to be from a 77 subducted/recycled source (e.g., Hawkesworth et al., 1979; Kay, 1980) . This presents a puzzle 78 because abundant sources of subducted Sr lie predominantly in sediment (GLOSS 87 Sr/ 86 Sr = 79 0.712 to 0.717) and altered oceanic crust (AOC 87 Sr/ 86 Sr ~ 0. 705, Staudigel, 2003 and 80 references therein), both of which are more radiogenic than average island arc basalt ( 87 Sr/ 86 Sr 81 ~ 0.7034, Hawkesworth et al., 1991) . 82
In this paper, we explore the implications of seafloor lavas from the western Aleutian arc 83 with respect to the source of Sr and geochemically related trace elements. We focus on high-Sr 84 (adakitic) andesites and dacites from the western Aleutians, because formation of these rocks 85 involves small degrees of fluid-saturated melting of MORB eclogite, which creates a Sr-rich, 86 geochemical component that is present in volcanic rocks throughout the Aleutian arc 87 (Yogodzinski et al., 2015 and references therein). New Sr and oxygen isotope data presented in 88 this paper are consistent with previous findings which indicate that the eclogite melt source 89
The key rocks in the western Aleutian series are the high-silica dacites (rhyodacites) 115 which have ~69% SiO 2 , ~2% MgO, Mg#>0.60 and highly fractionated trace element patterns 116 with Sr>1000 ppm and low abundance of heavy REEs (rare earth elements) requiring a role for 117 residual garnet. These characteristics are nothing like what we find in rhyolites of the Izu-Bonin 118 arc, or in Icelandic rhyolites or other forms of high-silica ocean-ridge volcanism, which may form 119 either by extensive fractional crystallization or by partial melting of mafic crust (e.g., Lacasse et 120 al., 2007; Tamura et al., 2009; Wanless et al., 2010) . 121
Melting at the base of a mafic crust is a viable model for creating high-silica magmas in 122 some arcs, but this model fails in the western Aleutians because the volcanoes that produce the 123 rhyodacites are constructed on oceanic crust of the Bering Sea, which is unlikely to be more 124 than 10 km thick. This is important because residual garnet is required in the interpretation of 125 the geochemistry, but the physical conditions that stabilize garnet during melting reactions will 126 not be realized at such shallow depths (see Yogodzinski et al., 2015 for citations and additional 127 discussion). The need for residual garnet derives from strong fractionation of the middle/heavy 128 parts of the REE pattern, resulting in high Gd/Yb ( Fig. 8b in Yogodzinski et al., 2015) . The 129 distinctive shape of the REE patterns in the rhyodacites likely reflects the LREE-depleted 130 pattern in the source rock (MORB), which has been rotated clockwise from the effects of Aleutians which produces a relatively hot subducting plate (Yogodzinski et al., 1995; as 140 well as a cool and perhaps stagnant mantle wedge compared to the central and eastern 141 Aleutians, where advection of hot peridotite into the wedge corner is driven by higher subduction 142 rates (Kelemen et al., 2003b; Yogodzinski et al., 2015) . Thus Teflon capsules at ~120° C for one hour. The leached samples were digested in 4 mL of an 156 HF:HNO 3 mixture (3:1). The samples were dried and re-dissolved in ~ 5 ml of 6 M HCl and then 157 heated at ~95° C to incipient dryness to remove precipitates. Samples were then dissolved in 158 2.5 N HCl and centrifuged for 10 minutes at 40,000 rpm. The centrifuged samples were loaded 159 onto a ~5 mL bed of cation-exchange resin (200-400 μm Eichrom 50W-X8) in Teflon columns. 160
The Sr fraction was separated from the rock matrix by elution in 2.5 N HCl. Strontium fractions 161 were dried, dissolved in 0.001 N HNO 3 and loaded on an Eichrom SR-B50-S resin in Teflon 162 micro-columns. The samples were rinsed with 3.5 N HNO 3 and separated from the resin with 163 0.001 N HNO 3 . Isotope ratios were measured on the Thermo Fisher Neptune in the Center for 164 Elemental Mass Spectrometry. Results were normalized to 86 Sr/ 88 Sr=0.1194. 165 At Washington State, samples were prepared from aliquots of whole-rock powders and 166 were dissolved at high pressure in steel-jacketed Teflon bombs in a 10:1 mixture of 167 concentrated Hf and HNO 3 at 150° C for 5-7 days. Samples were initially separated on cation 168 exchange columns using AG 50W-X8 resin (200-400 mesh) and were purified using micro-169 columns (0.18 ml rein volume) with Sr-spec resin and HNO 3 . Analyses were made using a 170
Thermo-Finnigan Neptune multicollector (MC)-ICP-MS system. Results were corrected for 171 mass fractionation using 86 Sr/ 88 Sr = 0.1194 and normalized to NBS-987. Uncertainties listed in 172 dissolved in a concentrated HF:HClO 4 mixture, followed by conversion of fluorides to chlorides 177 by drying down three times with 6.2 N HCl. Strontium separation was done by conventional ion-178 exchange chromatography using DOWEX 50 cation-exchange resin. The total procedural blank 179 for Sr was <400 pg. All Sr isotopes were measured at WHOI by MC-ICPMS using the 180 ThermoFinnigan NEPTUNE. Strontium isotopic ratios were normalized for instrumental mass 181 fractionation relative to 86 Sr/ 88 Sr = 0.1194 also using an exponential law. For Sr isotopic 182 measurements, the internal precision was 5-10 ppm (2σ). The external precision, after adjusting 183 to 0.710240 for the NBS987 Sr standard was <30 ppm (2σ) for Sr. 184
Oxygen isotope analyses were performed by laser fluoridation using a 35 W New Wave 185 laser on one or two mineral grains (1.2-1.5 mg) using purified BrF 5 as a reactant. Generated 186 gases were passed through a series of cryogenic traps cooled by liquid nitrogen, and a hot Hg 187 diffusion pump to strip away excess F 2 gas resulting from disproportionation of the reagent upon 188 lasing. Oxygen (O 2 ) was converted to CO 2 using a small Pt-C converter and yields of generated 189 gas were measured. Analyses were run on a MAT253 gas source mass spectrometer increasing SiO 2 (Fig. 2b ). Like Sr, Pb and Nd isotope ratios also become more depleted with 211 increasing SiO 2 from basalt to dacite (Yogodzinski et al., 2015) . Strontium isotopes show an 212 inverse correlation with Sr abundance, similar to the correlation between Sr isotopes and SiO 2 213 ( Fig. 3a ). Thus, low-Sr basalts have high Sr isotope ratios, while andesites and dacites with 214 higher Sr concentrations have lower 87 Sr/ 86 Sr (Fig. 2 ). Other Aleutian lavas with similarly 215 unradiogenic Sr are observed at Piip Volcano, which is a highly calc-alkaline center on the 216 seafloor north of the Komandorsky Islands (Fig. 1) . Samples from Piip include many high-Mg# 217 andesites and dacites with low 87 Sr/ 86 Sr (<0.7028) but moderate Sr abundances (300-500 ppm) 218 similar basalts and andesites throughout the Aleutians (Fig. 3a) . 219
In Nd-Sr isotope space, western Aleutian dacites with the least radiogenic Sr also have 220 the most radiogenic Nd (ε Nd up to +10.0). However, the dominant pattern for the western 221
Aleutian samples is a flat trend, with ε Nd falling mostly between +8.5 and +9.5 over a relatively 222 wide range of Sr isotopes (Fig. 4a ). This is particularly evident when the trend for the western 223 seafloor lavas is compared to the whole Aleutian data field, which shows a strong inverse 224 relationship for Nd and Sr isotopes ( Fig. 4a ). A similar pattern emerges for Pb isotopes, which 225 are well correlated with 87 Sr/ 86 Sr but form a pattern that is slightly less steep than the main 226 Aleutian array ( Fig. 4b ). 227
Oxygen isotopes were measured on mineral separates (primarily olivine and amphibole) 228 from 12 western Aleutian samples ( Table 2) Separates of other minerals from sample TN182-07-002 (Table 2) 
Expression of the Eclogite Melt Source Component via Sr and 87 Sr/ 86 Sr 253
We previously emphasized that high-Sr andesites and dacites among the western 254 Aleutian seafloor lavas have characteristics expected in a geochemical source component 255 produced by partial melting of MORB eclogite in the subducting oceanic crust (Yogodzinski et 256 al., 2015) . We also showed that this source component appears to be present in volcanic rocks 257 throughout the Aleutian arc. In this context, an important aspect of these rocks, which has not 258 been discussed, is the unradiogenic nature of their Sr and their high Sr abundances relative to 259 other trace elements in comparisons to common Aleutian lavas and MORB. 260
In partial melts of MORB eclogite, Sr will fractionate from Ta, Nb, Y and heavy rare-earth 261 elements (REEs), which partition into residual garnet and rutile. The incompatible behavior of 262 Sr and relatively high abundance of Sr in MORB compared to mantle peridotite, also leads to 263 the formation of Sr-rich magmas (Kay, 1978) . As a result, plots of 87 The strong inverse correlation between Nd and Sr isotope ratios observed in Aleutian 304 volcanic rocks ( Fig. 9 ) reinforces the point that subducted sediment contributes significant Sr 305 and Nd to the Aleutian source (Class et al., 2000; Kay, 1980; Plank, 2005) , and that the 306 dominant mixing is between sediment and one or more depleted end-member(s) with 87 Sr/ 86 Sr < 307 0.703. Again, in Fig. 9 as in many isotope-isotope plots, we infer that there must be two source 308 components at the depleted end of the mixing array (Yogodzinski et al., 2015) . One is the 309 eclogite melt component, which has high Sr/Nd and produces strongly curved mixing lines with 310 sediment. The other is the depleted mantle, which has Sr/Nd similar to bulk sediment, and so 311 produce straight mixing lines. The two end-member mixing lines encompass the data field for 312
Aleutian volcanic rocks ( Fig. 9) . depending on water/rock ratios in the systems that lead to serpentinization. We assume the 368 worst case for our purposes, which is that Sr carried in fluids from dewatered serpentinite 369 beneath the Aleutian arc has the isotopic composition of modern seawater ( 87 Sr/ 86 Sr = 0.709). 370
With this starting point, the two things needed to calculate a mass balance for the source of 371 Aleutian Sr are (1) the Sr abundance in the serpentinite that is the source of the fluid and (2) the 372 Sr abundance in the aqueous fluid produced by dehydration of that serpentinite. 373
Serpentinized abyssal peridotites are formed predominantly by the interaction of 374 seawater with depleted peridotite and so provide a reasonable estimate for serpentinite formed 375 within the subducting plate and entering the Aleutian subduction zone. In data for 84 abyssal 376 peridotites compiled by Deschamps et al. (2013) , the average Sr abundance is aliased by 9 377 samples with >100 ppm Sr, including three with >1000 ppm Sr. Of the remaining 75 analyses, 378 72 contain <10 ppm Sr. If the 9 anomalous samples are excluded, the mean Sr abundance in 379 the filtered dataset is 3.5 ppm ± 6.3 (1σ). Based on these values, it is reasonable to infer that 380 serpentinite within the subducting plate as it enters the Aleutian subduction zone will not 381 generally contain more than ~16 ppm Sr (the average plus two standard deviations). 382
Experimental studies provide a basis for estimating Sr abundances in fluids produced by 383 dehydration of serpentinite. Tatsumi et al. (1986) found that 10 to 19% of Sr was extracted from 384 serpentinite during dehydration, which was measurably less than the 17-25% extraction of La. other parts of northern California (Johnson and O'Neil, 1984) . In all of these locations, 431 subducting lithosphere is young (Defant and Drummond, 1990 ) and/or associated with a slab 432 window or oblique convergence, where plate edges may be exposed to heating by mantle flow 433 on three sides (Yogodzinski et al., 2001) . Thus, it is a hot-slab setting and a distinctive 434 geochemical pattern that unites these locations. Assuming that the geochemical pattern reflects 435 a relatively large source component produced by melting of the basaltic part of the subducting 436 plate under eclogite conditions (Defant and Drummond, 1990; Kay, 1978) , the observed shift 437 toward relatively unradiogenic Sr means that in the places where the effects of eclogite melting 438 are most evident, the melting process commonly encompasses a significant portion of oceanic 439 crust that was not subject to prior effects of seawater alteration. 440
Oceanic crustal sections in ophiolites commonly exhibit extensive effects of seawater 441 alteration with 87 Sr/ 86 Sr >0.704 throughout the sheeted dikes and into the upper gabbros at 442 depths of 2-3 km (e.g., Bickle and Teagle, 1992) . If it were subducted, this part of an oceanic 443 crustal section could not be the source of Sr in end-member western Aleutian dacites, which 444 have 87 Sr/ 86 Sr ~0.7026 (Fig. 3a) observed Staudigel, 2003) . Based on oxygen isotope stratigraphy at Site 504B 479 , melting to the base of the sheeted dikes would encompass a significant 480 proportion of oceanic crust with relatively light oxygen (δ 18 O < 4 ‰) that would offset (in a mass-481 balance sense) heavy oxygen derived from highly altered lavas, and thereby create an eclogite 482 melt component with MORB and mantle-like oxygen isotope ratios, as seen in western Aleutian 483 lavas (δ 18 O = 5.1 -5.7, Fig. 5 ). This would achieve the effects of "whole-slab melting", as 484 discussed by Bindeman et al. (2005) , though it should be noted that interaction of eclogite melts 485 with mantle peridotite as they rise to the surface may also contribute to the MORB-like and 486 mantle oxygen isotopes values in western Aleutian seafloor lavas (Fig. 5) . 487 488
Reconciling Aleutian Sr with Thermal Models 489
Melting of subducting oceanic crust will occur where sufficient water is present and when 490 temperatures exceed the fluid-saturated solidus of MORB eclogite. The presence of these 491 conditions in a subduction zone depend on the thermal structure of a subducting plate, as 492 reflected in the thermal parameter (Φ), which is the product of slab age and the orthogonal 493 subduction rate (Kirby et al., 1991) . Excluding the anomalously cold Tonga slab (Φ >14,000), Modeling results thus indicate that in the presence of sufficient water, melting of 511 sediment and basalt at the top of the subducting oceanic plate beneath the Aleutians is 512 possible, but that -if the subducting oceanic plate is intact -melting should not extend to the 513 base of the sheeted dike section, as our analysis of geochemical data seems to require. An 514 additional point is that dehydration of sediment and seawater altered basalt at the top of the 515 subducting plate beneath the forearc (e.g., Syracuse et al., 2010; van Keken et al., 2011 ) is also 516 likely to limit melt production even in the hottest part of the slab. Thus, subduction zone thermal 517 models appear to be at odds with Aleutian geochemical data presented here. 518
There are several possible ways to resolve this apparent discrepancy. Subducting plates 519 may commonly be buckled and torn (Yamaoka et al., 1986) , or intensely sheared and broken at 520 the plate interface and thus exposed to heating in ways that are not captured by two- to Buldir Island (Fig. 1) . 
